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Abstract 
The existing solar concentration systems have a problems of lower concentration efficiency in winter season and at high latitude. 
Cross Linear concentration system (CL) has been newly invented to solve this problem. Mirrors are controlled with dual axes 
(rotation and elevation) for sun-tracking. This paper describes the preliminary investigation to clarify the pixel errors which can 
be applicable for the image processing heliostat control method in the CL system (CL-Image Processing/Heliostat controlling) 
(CL-IP/Hel-controlling). The CL-IP/Hel-controlling is achieved by adjustment of the different 3D positions of the mirror corners 
of the CL-heliostat between the calculated 3D position from the sun position and the image processing 3D position. The Cl-
heliostat is controlled by the two axis of east/west (E/W) rotation axis and north/south (N/S) elevation axis, which we call “Gyro-
type CL-heliostat”, because its mirror weight is anytime balanced between E/W and N/S axes at the gravity center of the mirror 
just like Gyro.  For the Gyro-type CL-heliostat, the E/W rotation angle can be fairly exactly moved according to the sun rotation 
angle velocity in a day with a small adjustment of the N/S elevation angle in a day.  So we can make a heliostat controlling with a 
longer interval between the heliostat controlling for sun tracking.  Also, for the heliostat field area of CL system, the distance 
between the receiver and the mirror in each mirror line is 15-50 m and the mirror number in each mirror line is 15.  This seems to 
be within pixel errors which can be applicable for the image processing heliostat control. Edge detection method was applied for 
the detection of the mirror corner using the difference of RGB value. The intersection points of the two edge lines are detected as 
the mirror corner coordinates. From the image obtained from the receiver position using the Gyro-type CL-heliostat hand-made 
in this study, the standard deviation of E/W rotation angle was about 0.3°, but that of N/S elevation angle, about 1°~3°.  The large 
error for the N/S elevation angle comes from the smaller movement of the corner point in the picture taken from the receiver side. 
From this result, considering the pixel errors arising from the camera position, it can be concluded that CL-IP/Hel-controlling is 
applicable for the CL-heliostat sun tracking system with an accuracy. 
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1. Introduction 
There are several problems with electric power generation; exhaustion of fossil fuels, growing demand for 
electricity and unstable output of the renewable energy like photovoltaic generation or wind power generation. One 
of the solutions for these problems is concentrating solar power (CSP). CSP utilizes solar thermal energy for electric 
power generation by concentrating the solar radiation with mirrors. Night generation is available with thermal 
storage technique. However, the existing solar concentration systems such as Parabolic Trough (PT), Linear Fresnel 
(LF) and Central Receiver (CR) have an issue that their solar power becomes lower in winter season and/or at higher 
latitude due to lowering of the cosine factor [1, 2]. 
To solve these problems, a new solar concentration system, Cross Linear (CL) system has been newly invented 
[3]. Figure 1(a) shows the concept of the CL system. Linear receiver lines lies on an east-west axis and mirror lines 
on a north-south axis. Thus, the both lines are crossed each other at right angles. 15-30 heliostats are arranged on 
each mirror line and solar radiation reflected by each mirror line is concentrated to the one point on the receiver 
settled on each mirror line. Though receivers are linear line, it holds the feature of the point concentration. Thus, a 
high temperature of a thermal fluid around 650°C can be obtained by the high concentration degree from a smaller 
mirror area than that of PT and LF.  Though CL mirrors (CL-heliostat) are controlled with dual axis like CR, it has a 
different axes direction; east/west (E/W) rotation axis and north/south (N/S) elevation axis, as seen in Fig. 1(b). 
Mirror orientation is determined by these two angles.  
In general, an accurate sun tracking of the heliostat is required for a higher solar energy conversion efficiency for 
CSP.  One primitive heliostat controlling method is a program control; sun position is determined by the date and the 
time, therefore a theoretical mirror orientation can be calculated using the sun position data. It is, however, just a 
theoretical one and we can’t observe whether the reflected light enters the receiver correctly or not, if there happens 
something of a motor error. Another method, the sensor control method, needs to be set-up for each heliostat and to 
keep its window clean every time due easily becoming soiled, which results in the shortcomings of a higher cost and 
frequently repeated maintenance.  The 3rd is the image processing method. From the camera image of the mirror 
surface, its mirror orientation can be recognized. For the CL with a small heliostat field for each mirror line (the 
maximum distance between camera and heliostat is about 50 m), we could estimate the mirror rotation or elevation 
angles by comparing the mirror orientation of its image and the theoretical one calculated using the sun position. Its 
calculation time seems to be very short, therefore it is possible to make a sun tracking control by the image 
processing method for CL. On the contrary, when applied to the large heliostat field of CR, we can’t make sun-
tracking control with the image processing method due to a long calculation time for the mirror orientation because 
of the long distance between camera and the mirror over 0.2̚1.0km.  Another difficulty in the application of the 
image processing method for CR is the fact that the mirror configuration changes in every direction with different 
angle values depending on the time and the sun position. This comes from the altazimuth mount (two axes of solar 
azimuth and solar altitude) for the heliostat controlling system.  Thus, the heliostat control for CR needs the 
continuous calculation of the two axes angles for the sun tacking control.  On the other hand, the sun-tracking 
control of the mirror for CL can be achieved by an accurate self-moving of the E/W rotation without controlling by 
image processing method during the calculation. 
The present paper is the preliminary investigation to clarify the pixel errors which can be applicable for the image 
processing method to control the heliostat in the CL system (CL-Image Processing/Heliostat controlling) (CL-
IP/Hel-controlling).    
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(a) Concept of Cross Linear system. (b) Rotation direction of the CL-heliostat. 
Fig. 1. Schematic Cross Linear system and its heliostat. 
 
2. Mirror orientation detection system 
2.1 CL-IP/Hel-controlling system  
We have studied to clarify the possibility whether we can apply the image processing heliostat control method for 
the CL system (CL-Image Processing/Heliostat controlling) (CL-IP/Hel-controlling). The error range with which the 
CL-IP/Hel-controlling can be achieved by adjustment of the different 3D positions of the mirror corners of the CL-
heliostat between the calculated 3D position from the sun position and the image processing 3D position. In order to 
evaluate the accuracy of the mirror orientation detection system, an experiment was carried out. A 1/5 scaled CL-
heliostat was manufactured for the experiment. Rotation and elevation angle of the device was varied and each time 
picture was taken to obtain the calculated value. The theoretical value and calculated value are compared to get the 
error. 
As shown in Figure 1(b), CL-heliostat is controlled by the two axis of east/west (E/W) rotation axis and 
north/south (N/S) elevation axis, which we call “Gyro-type CL-heliostat”, because its mirror weight is anytime 
balanced between E/W and N/S axes at the gravity center of the mirror just like Gyro.  Figure 2 shows the hand-
made Gyro-type CL-heliostat, which is the 1/5 scale of the practical Gyro-type CL-heliostat for megawatt CL-plant. 
The mirror size is 360 mm × 320 mm and the frame which supports the mirror is 540 mm × 510 mm. Two stepping 
motors rotate and adjust the mirror orientation. One motor (RKS564MA-HS100-3, Oriental motor) rotates a frame 
and adjusts the rotation angle. The other (RKS543MA-HS100-3, Oriental motor) is attached on the frame and 
rotates the mirror to adjust the elevation angle. The former axis lies on a north–south axis and the latter on an east-
west axis. The resolution of the both motors are 0.0072° and the motors are controlled by PC and can rotate the axes 
to any angle.  
A digital camera (D5300, Nikon) and a zoom lens (AF-S NIKKOR 18-300 mm 1:3.5-5.6G18-300 mm, Nikon) 
were used for image processing experiment. The camera was installed on the axis of the rotation angle, and the 
center of the mirror surface and that of the image corresponds. Though max pixel size is 24MPixel (6000 × 4000), 
the pixel number was about 1MPixel (1200 × 800) for fast processing. The distance between camera and the center 
of the mirror l was about 1m and the focal length f was about 40 mm. Optimized value of these parameters were 
calculated by taking some data. When the length of the upper edge line and the lower line is same, the optical axis 
cross to the mirror surface perpendicularly. Consequently, we obtained the dip of the camera Ȗ. 
An experience has been carried out to evaluate the accuracy of the system. Experimental procedure is as follows. 
First, the both mirror angles were adjusted to 0°, and the next, the rotation angle ĳmotor, to a certain angle, for 
instance 20°. The elevation angle İmotor was varied by 2° and each time, we took a picture of the mirror surface. 
When elevation angle İmotor reached a certain angle, for instance 30°, the elevation angle İmotor was returned to 0°. 
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Then the rotation angle ĳmotor was adjusted to the next angle, and the same process was repeated. Processing the 
pictures, we obtained a calculated value of the rotation angle ĳcalc and elevation angle İcalc. The difference between 
the theoretical value (output value for the motor) and the calculated value as were taken as the error (eq. (2-1), (2-2)). 
motorcalc of Error MMM     (2-1) 
motorcalc of Error HHH     (2-2) 
 
 
Fig. 2. 1/5 scaled Gyro-type CL-heliostat for experiment. 
 
 
Fig. 3. Experimental setup 
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For the Gyro-type CL-heliostat, the E/W rotation angle can be fairly exactly moved according to the sun rotation 
angle velocity in a day with a small adjustment of the N/S rotation angle in a day.  So we can make a heliostat 
controlling with a longer interval between the heliostat controlling for sun tracking.  Also, for the heliostat field area 
of CL system, the distance between the receiver and the mirror in each mirror line is 15-50 m and the mirror number 
in each mirror line is 15.  This seems to be within pixel errors which can be applicable for the image processing 
heliostat control. Edge detection method was applied for the detection of the mirror corner using the difference of 
RGB value. The intersection points of the two edge lines are detected as the mirror corner coordinates. From the 
image obtained from the receiver position using the Gyro-type CL-heliostat handmade in this study, the standard 
deviation of E/W rotation angle was about 0.1°, but that of N/S elevation angle, about 2°~3°.  The large error for the 
N/S elevation angle comes from the smaller movement of the corner point in the picture taken from the receiver side. 
From this result, considering the pixel errors arising from the camera position, it can be concluded that CL-IP/Hel-
controlling is applicable for the CL-heliostat sun tracking system with an accuracy. 
2.2 Image processing program 
In order to obtain the coordinates of the mirror corner, image processing program has been created. The outline of 
the process is as follows. First, by edge detection four mirror edge lines are captured. Second, linear functions of the 
edge lines are calculated and we can get the mirror corner points as solutions of the simultaneous equations.  
First, a certain colored tapes are attached on the four mirror edges to emphasize the edge lines. Figure 4(a) shows 
the mirror surface of the CL-heliostat, which is marked with the yellow lines on the four edges of the mirror. Thus, 
using the difference of the RGB value between the tapes and the background, the image is transformed to a binary 
image. Each pixel on the screen is built by three primary colors called RGB; red, green and blue. In general, each 
color is expressed by numbers from 0 to 255 because of the 8 bits. Thus, we can pick up the certain colored lines by 
setting a range of the RGB value. The pixels of the edge lines is transformed to a white, and the other pixels to a 
black so as to capture the edge lines. After we get the four edge lines of the mirror, outer one pixels of the white 
lines are captured. Assuming these pixels to be the edge line, least-squares method is applied and linear functions 
are calculated. Thus, solutions of the simultaneous equations of the edge lines are obtained as the corner points. For 
instance, upper right corner is an intersection point of the right edge line and the upper edge line. Figure 4(b) shows 
the binary image of the mirror surface. The four red lines are the detected edge lines and the four green points are 
the mirror corner points. 
As shown in Fig. 4(b), four mirror corner points are detected though only upper two points are needed for 
calculation (refer to Appendix). The center of the mirror surface and that of the image needs to be corresponded, 
however, this cannot be achieved perfectly in the experimental set up. Thus, the intersection point of the diagonal 
lines are regarded as the center of the mirror surface. 
 
  
(a) Photograph of the mirror surface with yellow tape on the edge. (b) Transformed binary image and detected corner points. 
Fig. 4. Photograph of the mirror surface and after image processing. 
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3. Results and discussion 
The errors of rotation angle and elevation angle are shown in Fig. 5. We changed elevation angle İmotor to 20, 30, 
40° and for each elevation angles, we varied rotation angle ĳmotor from 0° to 30° by 2°Experimental condition is as 
follows; dip of the camera Ȗ = 49.3°, the distance between the center of the mirror and the camera l = 1107 mm, 
focal length f = 37.7 mm. In addition, Table 1 shows the standard deviation of rotation and elevation angles. For 
elevation angle İcalc, standard deviation is calculated without ĳmotor = 0~8° because the error gets much larger than 5° 
(out of this graph). This is due to the denominator of eq. (13) because when rotation angle approaches to 0°, the line 
A-D come close to horizontal in the picture and its value (xD - xA) also approaches to 0. This makes İcalc diverge.  
The errorof rotation angle is about -0.3°, however the elevation angle is +1°~3° when ĳmotor is 10° and over. This 
is due to the difference of the moving length of the mirror corner points in the picture. From the point of the camera, 
mirror corner points moves crosswise direction as rotation angle varies. On the other hand, mirror corner points 
moves front-back direction as elevation angle varies. Consequently, coordinates of the mirror corner moves larger in 
the picture as rotation angle varies than elevation angle does. For this reason error of elevation angle gets higher 
than that of rotation angle.  
Moreover, the error of experimental device and camera installation also affects the results. Each results shows the 
linearity, therefore the applicability of the mirror orientation detection system to the CL-IP/Hel-controlling system 
has shown. 
 
(a) Error of rotation angle. (b) Error of elevation angle. 
Fig. 5. Error of rotation and elevation angles. 
     
Table 1. Standard deviation of rotation and elevation angles. 
İmotor˙20 İmotor˙30 İmotor˙40 
Rotation angle ĳcalc 0.166 0.217 0.288 
Elevation angle İcalc (10° < ĳmotor) 0.744 2.031 1.659 
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4. Conclusion 
In order to evaluate the accuracy of mirror orientation detection system, the Gyro-type CL-heliostat was 
manufactured and the error range of the system was examined. The CL-IP/Hel-controlling can be achieved by 
adjustment of the different 3D positions of the mirror corners of the CL-heliostat between the calculated 3D position 
from the sun position and the image processing 3D position. From the image obtained from the receiver position 
using the Gyro-type CL-heliostat handmade in this study, the standard deviation of E/W rotation angle was about 
0.3°, but that of N/S elevation angle, about 1°~3°. The large error for the N/S elevation angle comes from the 
smaller movement of the corner point in the picture taken from the receiver side. From this result which shows the 
linearity, considering the pixel errors arising from the camera position, it can be concluded that CL-IP/Hel-
controlling is applicable for the CL-heliostat sun tracking system with an accuracy. 
 
 
Appendix 
Calculation for image processing 
In order to obtain the mirror orientation, calculation method about rotation angle ĳ and elevation angle İ was 
applied. There are three coordinate systems around the mirror and the camera for calculation; two three-dimensional 
coordinate systems (world coordinate system and camera coordinate system) and one two-dimensional coordinate 
system (image coordinate system) shown in Fig. Appendix 1. The center of the mirror is fixed on the origin of the 
world coordinate system. The mirror width and length is represented as W and L. Assuming that the initial mirror 
position is even with the ground, the right upper corner A and left upper corner D is given by 
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D    (2) 
where both rotation angle ĳ and elevation angle İ is 0. When mirror is rotated by ĳ and İ, the coordinates of the 
mirror corner A’, D’ of three-dimensional world coordinate system are determined by ĳ and İ using the rotation 
matrix Rmirror. Rmirror is calculated with rotation matrix around XW axis and YW axis. 
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A camera is located above Yw axis and the distance between image pick-up device (optical center) and mirror 
center is expressed by l. Dip of the camera is expressed by Ȗ. The origin of the camera coordinate system is fixed on 
the optical center. The relation between camera coordinate system and the world coordinate system is represented 
using rotation matrix Rcamera and parallel moving vector t. 
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The image plane (image coordinate system) is parallel to the XC-YC plane. The origin of the image coordinate 
system is on ZC axis and the distance between the optical center and the origin is the focal length f. The relation 
between camera coordinate system and the image coordinate system is expressed applying the perspective 
projection. On the image coordinate system (x, y), a coordinate of the camera coordinate system is expressed as 
follows. 
C
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C
C
Z
fYy     (10) 
From these equations, we obtain the following equations about the mirror corner A and D between the two and 
three-dimensional coordinates. 
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By eliminating ZC, we obtain the four equations and by solving these equations, we obtain ĳ and İ respectively. 
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Fig. Appendix 1. Coordinate systems around the mirror and the camera. 
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